Horizontal gene transfer (HGT) is a major driving force of bacterial diversification and evolution. For tuberculosis-causing mycobacteria, the impact of HGT in the emergence and distribution of dominant lineages remains a matter of debate. Here, by using fluorescenceassisted mating assays and whole genome sequencing, we present unique experimental evidence of chromosomal DNA transfer between tubercle bacilli of the early-branching Mycobacterium canettii clade. We found that the obtained recombinants had received multiple donor-derived DNA fragments in the size range of 100 bp to 118 kbp, fragments large enough to contain whole operons. Although the transfer frequency between M. canettii strains was low and no transfer could be observed among classical Mycobacterium tuberculosis complex (MTBC) strains, our study provides the proof of concept for genetic exchange in tubercle bacilli. This outstanding, now experimentally validated phenomenon presumably played a key role in the early evolution of the MTBC toward pathogenicity. Moreover, our findings also provide important information for the risk evaluation of potential transfer of drug resistance and fitness mutations among clinically relevant mycobacterial strains.
Horizontal gene transfer (HGT) is a major driving force of bacterial diversification and evolution. For tuberculosis-causing mycobacteria, the impact of HGT in the emergence and distribution of dominant lineages remains a matter of debate. Here, by using fluorescenceassisted mating assays and whole genome sequencing, we present unique experimental evidence of chromosomal DNA transfer between tubercle bacilli of the early-branching Mycobacterium canettii clade. We found that the obtained recombinants had received multiple donor-derived DNA fragments in the size range of 100 bp to 118 kbp, fragments large enough to contain whole operons. Although the transfer frequency between M. canettii strains was low and no transfer could be observed among classical Mycobacterium tuberculosis complex (MTBC) strains, our study provides the proof of concept for genetic exchange in tubercle bacilli. This outstanding, now experimentally validated phenomenon presumably played a key role in the early evolution of the MTBC toward pathogenicity. Moreover, our findings also provide important information for the risk evaluation of potential transfer of drug resistance and fitness mutations among clinically relevant mycobacterial strains.
recombination | DNA transfer | tuberculosis | Mycobacterium canettii | evolution H orizontal gene transfer (HGT) is a major molecular mechanism responsible for generating genetic diversity, which plays a particularly important role for driving evolution in otherwise clonal bacterial populations. However, the contribution of HGT to the (recent) evolution of mycobacteria and the impact on the most dominant pathogenic species, Mycobacterium tuberculosis, the agent of human tuberculosis, remains controversial. Several studies provide overall congruence that the classical M. tuberculosis complex (MTBC) shows a perfectly clonal population structure (1-7), yet, other studies have proposed that frequent genetic exchange among MTBC strains might exist (8, 9) . As potential interstrain recombination in tubercle bacilli influences the risk evaluation for transfer of drug resistance-associated mutations between clinical M. tuberculosis isolates, novel insights into the question of HGT among tubercle bacilli are of utmost importance.
Recent whole genome sequence (WGS) analyses of early branching, smooth tubercle bacilli (STB) of the Mycobacterium canettii clade revealed genome-wide traces of putative interstrain recombination events (10, 11) , raising questions on the existence and functionality of particular HGT mechanisms in tubercle bacilli. An interesting observation in this respect was made for the nonvirulent, fast-growing model organism Mycobacterium smegmatis, which shows an unconventional conjugal DNA transfer (12, 13) , distinct from classical plasmid-mediated DNA transfer described for other bacteria (14, 15) . M. smegmatis transconjugants typically display highly mosaic genomes reminiscent of products of eukaryotic meiosis, composed of multiple donor-derived sequence segments that are distributed without apparent regional bias across the genome. Consequently, this type of HGT was termed distributive conjugal transfer (DCT) (16) . Detection of mosaic sequence arrangements in M. canettii genomes (10, 11, 17, 18) raised the issue whether similar molecular mechanisms might be active in tuberculosis-causing mycobacteria and/or in mycobacteria, in general.
Here, we experimentally explored this question by establishing a mycobacterial mating assay with both fluorescent and antibiotic resistance markers, which allowed us to provide a unique experimental evidence of interstrain DNA exchange between M. canettii donor and recipient strains and, hence, show that HGT in slow-growing mycobacteria resembles DCT of phylogenetically distant fast-growing species. HGT thus appears to be an important instrument shaping mycobacterial evolution. However, this faculty might also have declined in some groups, such as extant members of the classical MTBC, for which we could not detect any signs of functional HGT despite extensive attempts and analyses. Our findings provide unique insights into the evolutionary processes that shaped the genome of one of the most successful human pathogens, M. tuberculosis.
Significance
Whereas most of the more than 130 described mycobacterial species are harmless saprophytes, Mycobacterium tuberculosis, the human tuberculosis-causing agent, represents one of the deadliest bacterial pathogens in the history of humankind. To explore the mechanisms behind this spectacular evolutionary trajectory toward pathogenicity, we have experimentally investigated the faculty of different tuberculosis-causing mycobacteria in conducting horizontal gene transfer (HGT). Our studies identified unique chromosomal DNA transfer between strains of the Mycobacterium canettii clade, which resemble most closely the putative common ancestor of the M. tuberculosis complex. This outstanding feature suggests that during the evolution of M. tuberculosis, HGT might have represented the major mechanism for acquisition of genes that helped these mycobacteria to increasingly resist host defenses and become major pathogens.
Results
Setup of a Fluorescence-Mediated Mating Assay. DCT was originally described as a mechanism of DNA transfer between M. smegmatis donor and recipient trains that generated genome-wide mosaicism in the transconjugants (16) . For the initial setup of our experimental mating assay, we thus rendered M. smegmatis strains mc 2 155 (NC_008596), known to be an efficient donor (16) , GFP fluorescent, and hygromycin resistant (Hyg r ) by using the pYUB412-derived integrating cosmid F10 (19, 20) . In parallel, red colonies of strain mc 2 874 (NZ_AOCJ01000000), known to be a good recipient (16) , were obtained by transformation with a replicative, nonmobilizable plasmid, carrying a kanamycin resistance (Km r ) cassette and a gene encoding DsRed. After incubation on filter plates as previously described (12) , potential recombinants were identified on Km/Hyg agar plates by using orange colony appearance as selection criterion. After PCR verifications (SI Appendix, Fig. S1A ), 10 independent Km r /Hyg r strains were subjected to Illumina-based whole genome sequencing (WGS), generating reads that were de novo assembled and compared with the genomes of the donor and recipient strains (SI Appendix, Figs. S1B and S2). In accordance with previous reports (16), we observed marked genome mosaicism of the recombinant M. smegmatis strains, with 2-11 DNA blocks transferred from donor to recipient genomes. The sizes varied between 250 bp and 244 kb, with an average of 290 kb of total transferred DNA, and these sequence blocks were scattered around the genome without obvious regional bias. However, for one Km r /Hyg r variant (RC-Ms 10), unexpectedly, the observed genome sequence corresponded to the mc 2 155 donor strain, suggesting that it had received the nonmobilizable, kanamycin-resistance plasmid from the recipient (SI Appendix, Fig. S2 Interstrain HGT Identified in M. canettii Strains. To assess various M. canettii and M. tuberculosis strains for their ability to exchange chromosomal DNA, green-fluorescent putative donor strains were constructed by transformation with pYUB412 or F10 integrating cosmids (20) as established before for M. smegmatis strains. Redfluorescent potential M. canettii recipient strains were obtained by electroporation with plasmid pMRF1-DsRed, which was successful for all strains except M. canettii J (CIPT 140070017), which exclusively harbors an eptABCD gene cluster (10, 21) , recently described as restricting plasmid maintenance in M. smegmatis (22) .
Mating of different Hyg r strains (donors) with selected Km r strains (recipients) for periods ranging from 3 to 7 d generated several hundred double-resistant colonies as a result of at least 44 mating combinations (Table 1) including donors carrying either cosmid F10 (SI Appendix, Table S1 ) or pYUB412 (SI Appendix, Table S2 ). Among all these clones, orange colonies originating from the mating pair M. canettii A::F10+M. canettii L-pMRF1 ( Fig. 1 A and B and SI Appendix, Tables S1 and S4) revealed PCR results that were positive for both antibiotic cassettes and recipientspecific sequences (Fig. 1C) . Subsequently, eight strains were selected for WGS analysis, as described below.
To test whether clinically relevant resistance mutations (23, 24) might also be subject to transfer, spontaneously rifampicin resistant (Rif r ) donor strains (M. canettii A, I, K, and L) were included in the M. canettii mating experiments (Table 1 . Together, these results provide unique experimental evidence that the two different M. canettii strains had exchanged DNA under our experimental conditions. The transferred DNA fragments were identified around the cosmid integration attB site, situated within the glyV-tRNA at position 2820.678 kb in the genome of M. canetti L and 2828.773 kb in M. canettii A. In addition, in all M. canettii recombinants with the exception of RC6, multiple donor-derived sequence blocks were identified around the genome without any regional bias (Table 2 and SI Appendix, Figs. S3 and S6). One to 13 individual sequence blocks were transferred, which varied remarkably in size, ranging between 100 bp to up to 118 kb (Table 2 ). In total, 32 to up to 335 kb of donorderived DNA could be identified in the individual recombinants. Strikingly, as observed for M. smegmatis (SI Appendix, 
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Donor strains carrying the pYUB412 or F10 cosmid were used, as well as recipient strains carrying the pMRF1-dsRed replicative plasmid, except for M. canettii J, which contains an integrative pMV306.Kan plasmid-mediated insertion, due to a putative restricted plasmid maintenance, linked to the presence of the eptABCD gene cluster. M. canettii donor strains A, K, L, and I additionally carried spontaneous rifampicin resistance mutations. Only for mating pair M. canettii A and M. canettii L recombinants (bold) were obtained. (Table 2) . This effect was especially evident in M. canettii recombinants RC1 and RC4, where seven and five inherited donor fragments, respectively, were interspersed by stretches of recipient DNA in intervals of 1.2-15 kb (Fig. 1D and SI Appendix, Fig. S6 and Table  S3 ). These observations thus offer a plausible explanation for the observed genome mosaicism (10) in M. canettii strains. Of note, however, the frequency of DNA transfer in M. canettii was found to be substantially lower than seen for in M. smegmatis, with <1 × 10 −8
(recombinants per donor) compared with 5 × 10 −4 to 1 × 10 −6 in M. smegmatis, depending on the antibiotic marker used for selection (12) .
Lack of HGT Among MTBC Strains. Having successfully established the mating conditions for M. smegmatis and M. canettii strains, we deemed our experimental setup as adequate to tackle the question whether DNA transfer mechanisms might be functional among M. tuberculosis strains. We undertook a series of mating experiments, using the same plasmids and protocols that had previously yielded positive transfer results both for M. smegmatis and/or M. canettii strains, in M. tuberculosis reference strain H37Rv and two M. tuberculosis strains of lineage 1. However, for none of the 12 mating pair combinations (summarized in Table 1 and SI Appendix, Tables S1 and S2), interstrain HGT could be detected under the conditions used. We also included M. tuberculosis H37Rv and several M. canettii strains (A, I, J, K, and L) as mating pairs in our experimental setup, as in silico genome comparison previously suggested potential transfer events from M. tuberculosis to M. canettii J (10), but could not isolate any M. tuberculosis/M. canettii recombinants. Finally, we also included M. tuberculosis H37RvΔRD1 showing a truncated esx-1 locus (25) into the series of mating experiments (Table 1) , because previous data from M. smegmatis suggested that donor strains without a functional ESX-1 system yielded increased DCT (16) . However, similar to the other tested M. tuberculosis strains, no recombinants were obtained (SI Appendix, Tables S1 and S2). We conclude from these experiments that M. tuberculosis strains seem to be less prone to HGT, in line with the predominantly clonal population structure of the MTBC that clearly contrasts with the recombinogenic M. canettii strain pool (Fig. 2) .
DNA Transfer Frequency Evaluated Under Different Mating Conditions.
To possibly increase the transfer frequency in tubercle bacilli, we performed a series of additional mating experiments with the above-mentioned successful mating pair of M. canettii A as donor and M. canettii L as recipient, using different conditions thought to favor HGT. However, neither the use of different mating temperatures (30 or 37°C), nor different concentrations of the DNA cross-linker Mitomycin C (1.7 ng/mL, 30 ng/mL, and 100 ng/mL) yielded recombinants (SI Appendix, Table S4 ). Mitomycin C was used because it is known to induce competence for transformation in some bacteria, including Bacillus subtilis and Legionella pneumophila by inducing DNA damage (26) . However, in another series of experiments, mating assays were performed in the presence of low concentrations of either oxygen or nitrogen radicals (hydrogen peroxide, H 2 O 2 or nitrogen monoxide, NO), or slightly acidic pH (pH 6.1) to mimic putative stimuli encountered by pathogenic mycobacteria inside host cells. By this approach, several M. canettii A+L recombinants were obtained, whereas no particular impact of the corresponding conditions could be detected (SI Appendix, Table S5 ). Six selected clones were subjected to WGS (RC3, 4, 6, 7, 9, and 10) after PCR confirmation ( Fig. 2 and SI Appendix, Fig. S3 ).
To evaluate whether DNA transfer could be triggered during intracellular stages of the bacterial lifecycle, we tested M. canettii, M. smegmatis, and M. canettii and M. tuberculosis mating combinations during infection of phagocytic amoeba of the species Acanthamoeba castellanii. Such amoeba were speculated to represent a host for environmental mycobacteria (10, 27). However, despite simultaneous uptake and survival of different bacteria inside single amoeba cells, even after prolonged incubation of up to 10 d (SI Appendix, Fig. S7 ) neither M. canettii, nor M. smegmatis, nor M. canettii/M. tuberculosis recombinants were obtained. These findings suggest that HGT does not occur under these experimental intracellular conditions or that it might occur at frequencies below detection thresholds.
Furthermore, extended cell-to-cell contact is required, because incubation of the different M. canettii mating combinations in liquid cultures using either the rich medium 7H9 supplemented with ADC or Sauton minimal medium did not yield any recombinants. Thus, phage-mediated DNA transfer can be excluded as a reason for the observed genome mosaicism. In addition, no prophage were detected in the genomes of M. canettii A and L, in contrast to M. canettii I, where a 55-kb prophage region was found (10) . However, no recombinants were obtained when M. canettii I was used as a donor (SI Appendix, Table S1) .
Finally, we also tested whether some of the results obtained might have been due to yet-unknown natural competence mechanisms of M. canettii. However, upon incubation of M. canettii strains A, J, K, and L with linear DNA fragments or vectors containing an apramycin resistance cassette flanked by DNA sequences homologous to a genomic region of M. tuberculosis H37Rv (genomic position at 1881.7-1886.5 kb), no PCR-confirmed clones were obtained, making natural competence an implausible mechanism for the observed DNA exchanges between M. canettii strains. These results also reflect the historic, long-lasting difficulties for the development of efficient tools to genetically manipulate mycobacteria, which only became practicable through the use of electroporation (28) or phage-assisted methods (29) .
Discussion
Conjugation is besides transformation and transduction one of the three principal processes how bacteria may exchange DNA, thereby representing an important accelerator for evolution and adaptation to new environments (14, 15, 30) . For mycobacteria, in contrast to other bacterial genera, knowledge about HGT processes remains scarce. Apart from the reported plasmid-mediated conjugal transfer in Mycobacterium marinum (31), a chromosomal transfer mechanism similar to eukaryotic meiotic-like recombination was described for M. smegmatis (16) . Whereas the first mechanism involves a mega-plasmid, encoding elements of type IV and type VII secretion systems, present in similar form also in Mycobacterium kansasii and Mycobacterium yongonense (32), chromosomal HGT in M. smegmatis requires a set of genes with donor and recipient functions, as well as genes conferring mating identity linked to an ESX-1 type VII system (12, 16, 33, 34) . Patterns of RC1 and RC2 are shown in Fig. 1 and patterns of RC3, RC4, RC6, RC7, RC9, and RC10 in SI Appendix, Fig. S3 . *Two fragments transferred with same size; F, features; NF, number of transferred fragments; SF, sizes of transferred fragments (in kilobases); ST, total size of transferred DNA (in kilobases). canettii and the early-branching tubercle bacilli. The maximum likelihood phylogeny was inferred by using FastTree. Black horizontal bars indicate recombination events detected by the analysis in extant taxa. Red horizontal bars indicate recombination events detected in the laboratory-generated strains RC1 and RC2. Gray-shaded horizontal bars are inferred recombination events in a hypothetical common ancestor.
In contrast, little is known on potential HGT in tuberculosiscausing mycobacteria.
First hints came from putative recombination tracts identified by in silico analyses in genomes of smooth tubercle bacilli of the M. canettii clade (10, 11) . M. canettii strains are remarkable, rare mycobacteria, which are almost exclusively isolated from patients in the region of the Horn of Africa (35, 36). Their mode of transmission seems to be different to M. tuberculosis because no human-to-human transmission of M. canettii strains was yet reported (18, 35, 37) . M. canettii strains might have a yet-unknown, possibly aquatic, environmental reservoir where different strains can get in frequent direct contact, thereby enhancing the possibilities of HGT (10, 17, 38, 39) . In a similar scenario, one could also imagine that M. tuberculosis and the MTBC originally emerged from an M. canettii-like strain pool and subsequently adapted to their respective host(s), followed by clonal expansion (21, 39) (Fig.  2) . Our here-presented findings support this scenario, as we demonstrate that DNA transfer between two distinct M. canettii strains occurs and furthermore creates progeny containing several unlinked donor-derived DNA segments. These sequence fragments have sizes between 100 bp and 118 kb and are integrated at different loci on the chromosome. In M. canettii, the transferred sequences identified in the recipient strain contained in addition to the cosmid-vector sequences sections of donor-derived genomic regions flanking the attB vector integration site. These flanking regions were either integrated as a large segment as seen in recombinants RC2 (35.2-kb fragment), RC3 (31 kb), RC6 (32 kb), and RC10 (97 kb), or the integrated donor DNA was interrupted by stretches of recipient DNA, thus creating local genetic heterogeneity (e.g., recombinants RC1, 4, 7, and 9). Microheterogeneity was also observed in M. smegmatis transconjugants, where regions with short alternating donor and recipient DNA were created (16) .
The molecular machinery involved in this process is yet unconfirmed. In M. smegmatis, ESX-1 and RecA are required in the recipient for DNA transfer to occur, the latter plausibly for homologous recombination events. An M. smegmatis recA donor mutant led to a higher rate of gene conversion in the recipient, likely caused by unrepaired DNA breaks in the donor and, hence, more potential DNA substrates to be transferred (13) . For tubercle bacilli, previous genome-based in silico analyses suggested that the analyzed M. canettii strains contained M. canettii J and M. canettii K-derived recombination tracts, thus proposing that these two strains were efficient donors (11) . Interestingly, sequence comparison of their recA genes revealed that both strains differ in their intein-encoding and predicted excised RecA sequences from other M. canettii and MTBC strains (SI Appendix, Fig. S8 ). However, under the conditions tested, we were not able to isolate any recombiants by using M. canettii strains J or K as donors. Instead, M. canettii A was found to be able to successfully transfer DNA into the recipient M. canettii L despite predictions that M. canettii A-derived sequences only made up a minor part of other M. canettii genomes in in silico analyses (11) . The impact of inteins on recombination in selected mycobacterial strains might thus be limited, in accordance with previous findings (40) .
Another pathway that may influence double-strand breaks and DNA transfer is represented by RecBCD (41), for which sequence analyses reveal a conservation of 97-99% amino acid (aa) identity among the different M. canettii and MTBC strains. Characteristic alterations were noted for the exoDNase V β-chain RecB, which in its N-terminal sequence shows 10 aa differences between M. canettii strains and M. tuberculosis/MTBC strains (SI Appendix, Fig. S9 ), as well as a C-terminal truncation in the M. bovis/ M. bovis bacillus Calmette-Guérin lineage (42) . These observations provide perspectives for future experiments aiming to determine the molecular elements of the observed HGT in tubercle bacilli. Intriguingly, M. canettii A displayed an experimentally confirmed donor phenotype, yet showed a recipient genotype in previous in silico analyses (11) , raising the question of a potential mating type switch or the possibility of having both donor and recipient properties. In M. smegmatis, transconjugants were reported to become donor-proficient through transfer of the so-called mid genes (mating identity), which are encoded within the esx-1 locus and comprise genes msmeg_0069-0078 (16). M. tuberculosis and M. canettii also contain a conserved ESX-1 locus, which likely is implicated in the observed DNA transfer among M. canettii A and L strains. However, sequence comparison showed that only three of six mid genes were conserved in tubercle bacilli (SI Appendix, Fig. S10 and Table S5) , suggesting yet-unknown, additional mating type determinants. Comparison with M. smegmatis also revealed a 3-to 4-log lower frequency of DNA transfer in M. canettii strains, raising the question of whether the ability of DNA transfer declined in the course of evolution of slow growing mycobacteria or whether the conditions used in our study were not specifically favorable for DNA transfer between tubercle bacilli. The use of an M. tuberculosis ΔESX-1 deletion mutant (25) as donor did not lead to an increase in transfer frequency, unlike it was seen for M. smegmatis ΔESX-1 donor strains (33) . It was rather the opposite, because we have obtained recombinants in M. canettii when using the F10 cosmid, which contains part of the M. tuberculosis ESX-1 locus in which the EsxA protein is fused to GFP (19) . These results open interesting questions for future research on the potential involvement of the ESX-1 system in DNA transfer in slow growing mycobacteria. DNA transport coupled to protein transport via ESX secretion systems is reminiscent of type IV secretion, which in many bacterial species is involved in DNA transport. A distant connection between type IV and type VII secretion systems was recently also suggested by the description of mycobacterial plasmids that carry components with similarity to both systems, which might have played important roles in the evolution of specific chromosomal HGT mechanisms in mycobacteria (31, 32) . It should be mentioned that our selection for recombinants was based on the transfer of the antibiotic resistance cassette, and as such, it is possible that some transfer events not involving the transfer of the selection marker escaped our selection screens. Thus, the actual frequency of HGT among M. canettii strains under natural environmental conditions might be higher, which could explain the extensive recombination patterns seen in the genomes of these strains (Fig. 2) .
It was also hypothesized that free-living amoeba might represent a niche where environmental mycobacteria might encounter conditions allowing DNA transfer, as is the case for other amoeba-resisting microorganisms (43) . However, the lack of isolation of any recombinants after coinfection of A. castellanii suggests no particular role of amoeba as potential hosts of mating encounters of tubercle bacilli, at least under the conditions used. Our results thus open research questions on the potential triggers and the natural environment needed for optimal DNA transfer.
In conclusion, we want to emphasize that despite the low observed frequency, our study strongly suggests that the major mode of HGT among tubercle bacilli such as M. canettii, is similar to the single cellto-cell conjugal transfer processes seen in M. smegmatis, involving the transfer of larger segments of donor-derived DNA by close cellto-cell contact. However, we cannot entirely exclude the possibility of a distinct, yet unknown mechanism of DNA transfer operating in M. canettii strains. Nonetheless, it is plausible that such types of genome blending seen in our M. canettii recombinants, in addition to particular reductive evolution events, such as the loss of lipooligosaccharide production through recombination between two pks5 genes (21), or the loss of elements from the cobalamin-vitamin B12 synthesis pathway (10, 18, 44) , have accelerated adaptation of an ancestral generalist Mycobacterium to the challenging conditions imposed by new hosts. Because the different exchanged genome segments can be large enough to contain (multiple) whole operons, HGT can also boost simultaneous creation of new functions. The sizes of the transferred DNA sequences might explain the existence of a series of strain-specific gene clusters, such as the mce5 operon or the eptABCD operon of strain M. canettii strain J (STB-J) (10, 21, 22) , or the gene cluster encoding a second CRISPR-Cas system
